The coccolithophorid alga Pleurochrysis carterae (formerly Hymenomonas carterae) is a unicellular marine calcareous phototroph and produces CaCO3 structures (calciˆed scales around the cells). It plays an important role in CO 2 absorption from the atmosphere.
The coccolithophorid alga Pleurochrysis carterae (formerly Hymenomonas carterae) is a unicellular marine calcareous phototroph and produces CaCO3 structures (calciˆed scales around the cells). It plays an important role in CO 2 absorption from the atmosphere.
1) The algal cells appear to be a good candidate for e‹cient biological CO2 removal technology. Takenaka et al. 2) have clariˆed the safety of the lyophilized algal cells for human consumption as a human food supplement. The calcium-rich P. carterae cells, when lyophilized, have already been used for a human health food (mainly as a calcium supplement). As the lyophilized algal cells also contain substantial amounts of biologically active vitamin B12 (B12 or CN-B12), 3) they are suitable for use of human food supplement as a rich source of B12 as well as calcium. Although P. carterae is known to require B12 for growth, 4) there is little information available on the uptake and physiological function of B12 in the algal cells.
Here, we describe how P. carterae cells can take up and accumulate exogenous B12, most of which is converted into B12 coenzymes for two B12-dependent enzymes, methylmalonyl-CoA mutase and methionine synthase. P. carterae was provided by Prof. M. Okazaki (Tokyo Gakugei University, Japan). The algal cells were cultured in a modiˆed Eppley medium (containing 0.2 mg of CN-B12 W liter), 2) which was prepared with commercially available synthetic sea water (SWING Hi-Marine, Hipet, Osaka, Japan) at 229 C. The culture was bubbled with air and illuminated at 40 mmol photon W m 2 W s. Since our preliminary experiments indicate that the algal cells can be grown well in the absence of B 12 , the algal cells wereˆrst cultured in the medium without CN-B12 to reduce the amount of intracellular B12.
In the case of cyano-vitamin B12 (CN-B12) (Sigma, St. Louis, MO, USA)-feeding experiments, synthetic sea water was passed through a C18 cartridge (SepPak Vac 20 cc, Waters Corporation, Milford, Massachusetts, USA) which was washed with 50 ml of 75z (v W v) ethanol solution and then equilibrated with distilled water, to remove B12 and this was used for B 12 -free synthetic sea water. CN-B 12 (at 0.2-10 mg W liter medium) was added to the B12-free Eppley medium (total volume of 500 ml) prepared with the B12-free synthetic sea water. At the indicated times, 2.0 ml of the cell culture was sampled and used to count cell number in a hemocytometer. At stationary growth phase, the cell culture was centrifuged at 3000×g for 10 min. The precipitated cells were washed twice with the B12-free synthetic sea water, weighed, and stored at "809 C until use.
To conˆrm whether CN-B12 is essential for the growth of P. carterae used in the previous our studies, 2, 3) the algal cells were cultured in the B12-free medium with or without CN-B12 (0.2-10 mg W liter medium). Although P. carterae could not be grown well in the absence of CN-B12, the addition of CN-B12 (0.2, 2, or 10 mg W liter medium) signiˆcantly stimulat- CN-B 12 at 0 (), 0.2 (), 2 (), and 10 () mg W liter medium were added to the Eppley medium prepared with the B 12 -free synthetic sea water. At the indicated times, 2.0 ml of the cell culture was sampled and used to count cell number in a hemocytometer. Detailed procedures are described in the text. The data are the typical growth pattern of P. carterae grown in the presence or absence of CN-B 12 from three independent experiments. ed growth of the algal cells (Fig. 1) . The cell numbers of the 9 d-alga were about three-fold greater in the CN-B12 (2 or 10 mg W liter medium)-supplemented cells than in the cells grown in the B12-free medium. The results indicate that the P. carterae used in the our studies requires CN-B 12 for growth, coinciding with the fact reported by Provasoli and Pintner. 4) Total B12 was extracted from the stored cells (about 0.3 g wet weight) by the KCN-boiling method and microbiologically assayed with Lactobacillus delbruekii ATCC 7830 as described previously. 5) Statistical analysis was done using GraphPad PRISM 3.0 (GraphyPad Software, San Diego, CA, USA). One-way ANOVA was used with Tukey's multiple comparison test for the B12 concentration of P. carterae grown in the presence or absence of CN-B 12 . DiŠerences were considered signiˆcant if Pº0.05.
Although the B12 level of the 9 d-P. carterae cells grown in the absence of CN-B12 was low [18.54±0.15 (SEM) pg of B12 W 10
5 cells], the addition of CN-B12 (2, and 10 mg W liter medium) signiˆcantly increased the cellular B12 levels (about 1.5-3.3 fold greater): there were no signiˆcant diŠerences in the B12 levels between 2 and 10 mg of CN-B12 W liter medium-supplemented cells (Fig. 2) . Most of B12 found in each CN-B12-supplemented algal cell were recovered in the soluble extract fraction, but not in the precipitated cell debris fraction. The results indicate that P. carterae cells can take up and accumulate exogenous CN-B12.
To discover occurrence of B 12 coenzymes in the CN-B12(2 mg W liter medium)-supplemented cells, B12 compounds were separated by a reversed-phase HPLC and then assayed by the microbiological method as described previously.
6) The algal cells contained four known types of biologically active B 12 compounds with diŠerent b-ligands [approximately hydroxo-vitamin B12 (OH-B12), 20.1z; CN-B12, 7.8z; adenosyl-vitamin B12 (AdoB12), 26.0z; and methyl-vitamin B12 (MeB12), 46.1z]. In the cell extract treated with ‰uorescent light exposure (at a distance of 10 cm) for 1 h, the peaks of B12 coenzymes (both AdoB12 and MeB12) disappeared completely and the peak of OH-B12 increased signiˆcantly (up to about 92z), coinciding with the fact that the B12 coenzymes are light-labile so that they can be photolized to form OH-B12 by the light-exposure. These results indicate that the B12 coenzymes, exactly identied, occur in the CN-B12-supplemented algal cells.
To evaluate the physiological function of the B12 coenzymes found in the CN-B12 (2 mg W liter medium)-supplemented algal cells, some B12-dependent enzyme activities were assayed. The stored algal cells were dissolved in 2.0 ml of 10 mM potassium phosphate buŠer, pH 7.0, containing 10z (w W v) sucrose, disrupted by sonic treatment (10 kHz, 10 sec, three times), and centrifuged at 3000×g for 10 min at 49 C. The supernatant fraction was used as a crude enzyme. Total (apo-and holo-enzyme) activity of B12-dependent enzymes, ribonucleotide reductase (EC 1.17.4.2), 7) methylmalonyl-CoA mutase (EC 5.4.99.2), 8) and methionine synthase (EC 2.1.1.13) 9) were assayed in each reaction mixture containing excess amounts of the respective B12 coenzymes by the methods cited in the references. Activities of MeB12-dependent methionine synthase [85.1±38.9 (SEM) pmol W min W mg protein] and AdoB12-dependent methylmalonyl-CoA mutase [2.6 ±0.4 (SEM) nmol W min W mg protein] could be found in a cell homogenate of the B 12 -supplemented P. carterae, but AdoB12-dependent ribonucleotide reductase activity could not. These results indicate that AdoB12 and MeB12 found in the algal cells function as the coenzyme of methylmalonyl-CoA mutase and methionine synthase, respectively.
The Mr of the B12-binding macromolecule was measured with HiLoad 16 W 60 Superdex 200 pg gel ltration column (Amersham Pharmacia Biotech UK Ltd., Buckinghamshire, England) using a BioLogic HR chromatography system (Bio-Rad Laboratories, Hercules, CA, USA). The column was equilibrated with 10 mM potassium phosphate buŠer, pH 7.0, containing 10z (w W v) sucrose and 200 mM potassium chloride and eluted with the same buŠer at ‰ow rate of 0.7 ml W min. Figure 3 shows the elution proˆle of the B12 taken up by the algal cells grown in the CN-B12 (2 mg W liter medium)-supplemented medium during Superdex 200 gelˆltration. The components with the B12 taken up by the cells were eluted as two separate peaks, which consisted a macromolecular peak and a peak in free B12 fraction. The Mr of the B12-binding macromolecule was calculated to be about 150 kDa. About nineteen percent of B12 taken up by the algal cells was bound to the macromolecule with M r of 150 kDa and the remainder was recovered in the free B12 fraction; the identical results were obtained in the CN-B12 (10 mg W liter medium)-supplemented cells.
Most of AdoB12-dependent methylmalonyl-CoA mutase activity was recovered in the fraction with M r of 150 kDa, which is identical to Mr of human liver enzymes.
10) The result suggest that the B12-binding macromolecular fractions contain methylmalonylCoA mutase holo-enzyme.
Activity of MeB 12 -dependent methionine synthase could not be detected in the macromolecular fractions (or any other fractions), and the disappearance of the enzyme activity during gelˆltration may be due to lability of the enzyme.
Mammalian MeB 12 -dependent methionine synthase is a large monomeric protein with an Mr of about 150 kDa.
11) If P. carterae methionine synthase has the identical Mr to the mammalian enzyme, the B12-binding macromolecular fractions also might contain the methionine synthase holo-enzyme.
A photosynthetic protozoan, Euglena gracilis Z, contains various types of non-enzymatic B12-binding proteins (possibly functioning as intracellular B12 carrier proteins), 12) which can bind most of B12 taken up by the Euglena cells. About 80z of the B12 taken up by the P. carterae cells was accumulated as free B12, suggesting that the algal cells do not contain any nonenzymatic B12-binding proteins. P. carterae cells (probably in their cell membranes) may contain an active transport system for B12 uptake and accumulation.
